An increase in the frequency of hypoxia, mucilages, and sediment pollution occurred in the 20th century in the Adriatic Sea. To assess the effects of these impacts on bivalves, we evaluate temporal changes in size structure of the opportunistic bivalve Corbula gibba in four sediment cores that cover the past~500 years in the northern, eutrophic part and~10,000 years in the southern, mesotrophic part of the Gulf of Trieste. Assemblages exhibit a stable size structure during the highstand phase but shift to bimodal distributions and show a significant increase in the 95th percentile size during the 20th century. This increase in size by 2-3 mm is larger than the northward size increase associated with the transition from mesotrophic to eutrophic habitats. It coincides with increasing concentrations of total organic carbon and nitrogen, and can be related to enhanced food supply and by the tolerance of C. gibba to hypoxia.
Introduction
Many marine ecosystems worldwide are affected by eutrophication and hypoxia (Rabalais et al., 2007; Diaz and Rosenberg, 2008; Halpern et al., 2008; Vaquer-Sunyer and Duarte, 2008; Osterman et al., 2009) . One of such ecosystems is represented by the northern Adriatic Sea (Degobbis, 1989; Degobbis et al., 2000; Danovaro et al., 2009; Giani et al., 2012) . The Gulf of Trieste is a semi-closed, shallow, soft-bottom basin located in the NE Adriatic that is prone to river-borne nutrient enrichment and reduced water transparency (Olivotti et al., 1986; Justić, 1988) , sediment pollution (Covelli et al., 2007 (Covelli et al., , 2012 Cibic et al., 2008; Gallmetzer et al., 2017) , urban sewage (Munda, 1993) , mucilages (Stachowitsch et al., 1990) , and broad-scale seasonal hypoxia events (Faganeli et al., 1985; Cozzi and Giani, 2011; Cossarini et al., 2012; Cozzi et al., 2012) . In combination with a natural susceptibility of the gulf to water-column stratification, these disturbances and stressors contributed to mass mortality of benthos and an abundance increase of opportunistic species during the 2nd half of the 20th century (Fedra et al., 1976; Stachowitsch, 1984; Hrs-Brenko et al., 1994; Aleffi et al., 1996; Solis-Weiss et al., 2004) . These impacts in the northern Adriatic Sea were intensified by the establishment of alien species (OcchipintiAmbrogi and Savini, 2003; Albano et al., 2018) , by trawling and dredging (Pranovi et al., 1998) , by loss of top-level consumers (Fortibuoni et al., 2010; Lotze et al., 2011) , and by warming (Conversi et al., 2009; Rivetti et al., 2014) . Based on benthic surveys from the early and late 20th century in the northern Adriatic Sea, Crema et al. (1991) , Scardi et al. (2000) , and Chiantore et al. (2001) suggested that benthic communities dominated by the ophiuroid Amphiura chiajei and the gastropod Turritella communis in the early 20th century were replaced by communities dominated by the ophiuroid Amphiura filiformis and the opportunistic bivalve Corbula gibba in the late 20th century. Recently, a major replacement of T. communis by C. gibba in low-energy muddy habitats below the summer thermocline during the 20th century was directly documented in sediment cores from the Gulf of Trieste and the Po prodelta (Tomašových et al., 2018a) . However, these investigations focused on changes in species or functional composition rather than on changes in body size. The temporal shifts in size structure of benthic species in the northern Adriatic Sea over the past centuries or since the last glacial maximum thus remain unexplored.
Sizes of benthic species tend to respond to shifts in bottom-water oxygen concentrations, temperature or food supply (Angilletta Jr. et al., 2004; Wall et al., 2011; Beukema et al., 2014; Moss et al., 2016) . Therefore, size-frequency distributions can be used to assess the functioning of present-day ecosystems subjected to anthropogenic impacts (Queiros et al., 2006; Reizopoulou and Nicolaidou, 2007; Basset et al., 2012; Macdonald et al., 2012) and can represent sensitive indicators of oxygen depletion in the fossil record (Röhl et al., 2001; Twitchett, 2007; Caswell and Coe, 2013) . The sedimentary record in the Gulf of Trieste, an area with natural gradients in primary productivity and affected by the 20th century anthropogenic eutrophication (with oligotrophization occurring since 1990s, Mozetič et al., 2010 Mozetič et al., , 2012 Djakovac et al., 2012) and inter-annual hypoxia (Giani et al., 2015) , represents a unique historical archive for assessing shifts in size structure of macrobenthic species affected by the 20th century anthropogenic eutrophication. Some macrobenthic organisms in the northern Adriatic Sea are able to survive short-term hypoxic events (Riedel et al., 2012) and to rapidly re-colonize the sea-floor with high densities in the wake of hypoxic events. One of these species is the bivalve Corbula gibba (Hrs-Brenko, 2003; Mavrič et al., 2010; Nerlović et al., 2012) . The abundance of this species in living assemblages is used as an indicator of ecological status of living benthic communities (Simonini et al., 2009; Dauvin et al., 2012; Zettler et al., 2013; Chatzinikolaou et al., 2018; Moraitis et al., 2018) , and its abundance in death assemblages in sediment cores can be used to trace past benthic dynamics under oxygen depletion 2018a) . However, it is unclear whether this species responded to hypoxia and other disturbances that occurred in the 20th century also in terms of its size structure. Finally, this species was geographically widespread in shallow-water benthic communities since the Miocene in the Central Paratethys, Mediterranean, and Atlantic (Dominici, 2001; Zuschin et al., 2007 Zuschin et al., , 2014 Scarponi and Kowalewski, 2007; Schneider, 2008; Scarponi et al., 2013 Scarponi et al., , 2017 Amorosi et al., 2014; Harzhauser et al., 2017; Ruman et al., 2017; Rossi et al., 2018) . Assessing its indicator potential on the basis of actualistic studies thus can have large importance in ecological and environmental analyses of Cenozoic molluscan assemblages (Seneš, 1988; Seneš and Ondrejičková, 1991) .
Death assemblages from sediment cores provide a unique opportunity to assess size structure of molluscan assemblages prior to the 20th century eutrophication. Death assemblages observed in sediment cores tend to be time-averaged to decades, centuries, or millennia (Kosnik et al., 2015; Tomašových et al., 2016; Kowalewski et al., 2018 ). They Gallmetzer et al., 2017) . Right plot: Temporal history of relative sea level position according to Antonioli et al. (2007) and the corresponding stratigraphic coverage of sediment cores from the northern (Panzano) and southern (Piran) Gulf of Trieste, at water depth at which they were collected (12 m at Panzano and 22 m at Piran). Fig. 2 . A. Sea-surface temperature does not differ markedly between regions in the northern Adriatic Sea, and specifically between the northern and southern part of the Gulf of Trieste. B-C. Chlorophyll concentrations decline and light penetration increases southward (extracted from the MODIS database (https://oceancolor.gsfc. nasa.gov/cgi/l3) at 4 km spatial resolution for the sampling year 2013). The trophic categories correspond to Hallock (2001) . The highest productivity in the northern Adriatic Sea off the Po River delta is shown as a reference.
can be insensitive to short-term, seasonal or yearly changes that occur at finer temporal resolution but will detect major, long-lasting changes in the composition and structure of communities (Tomašových and Kidwell, 2010) , and allow identification of significant changes in composition, size or production of molluscs prior to major anthropogenic impacts (Kidwell, 2007; Smith et al., 2016; Bizjack et al., 2017; Harnik et al., 2017; Martinelli et al., 2017) . Here, we use shells of this bivalve species collected in sediment cores (1) to assess temporal changes in size structure over the past millennia and at the onset of the 20th century in the Gulf of Trieste (Fig. 1) , and (2) to evaluate spatial differences in size structure between the northern and southern Gulf of Trieste. In order to get insights into mechanisms underlying changes in size, we assess the relation between size structure of C. gibba and indicators of predation pressure (drilling frequency and valve fragmentation) and potential indicators of food supply as measured by organic enrichment of sediment (concentrations of total organic carbon and total nitrogen). For example, it can be hypothesized that hypoxia-sensitive predators preying on bivalves suffer under hypoxia (e.g., decapod crabs, Riedel et al., 2012) , thus reducing predation pressure on C. gibba. It can also be hypothesized that an increase in sediment organic enrichment directly reflects higher primary productivity, and thus can indicate higher food supply that can increase growth rate of bivalves (Carmichael et al., 2004; Newell, 2004; Kirby and Miller, 2005) . This positive effect owing to a higher food supply can be enhanced by habitat degradation due to hypoxia that leads to reduced grazing pressure of hypoxia-sensitive competitors, thus further enhancing food opportunities for hypoxia-tolerant species such as C. gibba (Holmes and Miller, 2006; Nerlović et al., 2011) . 
Material and methods

Setting and sampling sites
The Gulf of Trieste is located in the NE part of the Adriatic and occupies an area of about 500 km 2 with an average depth of 17 m and a maximum depth of 25 m. Water temperature ranges between 8 and 24°C at the surface and the salinity ranges between 33 and 38.5‰ Malačič et al., 2006) , without any major differences between the northern and southern part (Fig. 2) . Surface salinity and sediment supply is affected by the Isonzo and Timavo rivers in the north and by smaller rivers in the south (Ogorelec et al., 1991; Cozzi et al., 2012) . In the Gulf of Trieste, a transition from eutrophic, low-light conditions to mesotrophic conditions with a larger euphotic depth occurs across several kilometers (Fig. 2) , with the eutrophic Isonzo prodelta in the north and with minor riverine influences and mesotrophic conditions in the south. Trophic conditions in the southern part become similar to more oligotrophic habitats along the karst-dominated Istrian coast towards the south (Fig. 2) . The sediments of the Gulf of Trieste consist of silty clays and clayey silts in the shallower, marginal parts (near river mouths) and silty sands and sands (with carbonate skeletal sands) in the deepest, central parts (Ogorelec et al., 1991; Zuschin and Piller, 1994; Trobec et al., 2018) . Late Holocene sediment accummulation rate is around 1 mm/year in the center of the gulf, and increases to 2.5 mm/year and more towards the Isonzo river delta, reaching 6 mm/year in the in the middle (Covelli et al., 2006) , 2-4 mm/ year on the eastern margin of the Isonzo plume , and~0.1-0.2 mm on the southwestern margin off Piran (Tomašových et al., 2018b) . In 2013, sediment cores with a diameter of 16 cm were collected with an UWITEC® piston corer in the Bay of Panzano, Italy, in the NE part of the Gulf of Trieste, at 12 m depth (45.735400°N, 13.600467°E, cores M28 and M29, separated by a few meters), and at two stations off Piran, Slovenia, in the southernmost part of the gulf at 22 m depth: station Piran 1 (45.548867°N, 13.550900°E, with core M1), and station Piran 2 (45.563200°N, 13.537033°E, with core M53) (Fig. 1 ). These two stations at Piran are separated by~1 km. At each station, one 9-cm-diameter core was collected for 210 Pb sediment dating (M25 in the Bay of Panzano, M4 at Piran 1, M50 at Piran 2), and another 9-cm-diameter core for the analysis of grain-size distribution Mautner et al., 2018) and the concentrations of total organic carbon (TOC) and total nitrogen (TN) (Vidović et al., 2016) . The 1.5 m-long cores were split into 2-cm increments in the upper 20 cm, and into 5-cm increments throughout the rest of the core for further analyses.
The Bay of Panzano is prone to the accumulation of pollutants, with . The effect of sample size on the estimate of the 95th size percentile and maximum size based on resampling of specimens from empirical size distributions of C. gibba without replacement, using two size distributions from the northern Gulf of Trieste (increments deposited prior to the 20th century and during the 20th century) and two size distributions from the southern Gulf of Trieste (increments deposited prior to the 20th century and during the 20th century). In contrast to maximum size that monotonically increases even at a sample size equal to 700 specimens, the estimates of the 95th percentile stabilize relatively quickly between 50 and 100 specimens. The dashed lines represent 95% confidence intervals.
recent anthropogenic pressure coming from agricultural, maricultural (mussel farms), mining, and industrial activities (Horvat et al., 1999; Covelli et al., 2006) . The geographic gradient between Panzano Bay and Piran stations coincides with a decrease in sedimentation rates (0.2-0.4 cm/y in the Bay of Panzano and < 0.02 cm/y at Piran), a decrease in TOC and in the proportion of mud, and a decrease in primary productivity. Both locations are characterized by occurrences of highbiomass epifaunal clumps with sponges, ascidians, and ophiuroids (Zuschin et al., 1999; Zuschin and Stachowitsch, 2009 ). All shells and disarticulated valves of C. gibba ( Fig. 3) were extracted from the mollusc death assemblages and sieved through a 1 mm mesh, in total, 2315 specimens from M1, 2876 specimens from M53, 1475 specimens from M28, and 990 specimens from M29. The chronology of the Panzano and Piran cores is based on radiocarbon-calibrated amino acid racemization of shells of C. gibba and Gouldia minima 2018b) . The Panzano cores span the past 500 years, whereas the Piran cores effectively capture the full Holocene history since the flooding of the northern Adriatic shelf over the past 10,000 years (Antonioli et al., 2007; Vacchi et al., 2016) . Stratigraphic increments at Panzano are subdivided into seven subcentennial-tocentennial intervals (17th century at 130-150 cm, early 18th century at 110-130 cm, late 18th century at 90-110 cm, early 19th century at 45-90 cm, late 19th century at 25-45 cm, early 20th century at 16-25 cm, and late 20th century at 0-16 cm). Stratigraphic increments at Piran can be split into 6 intervals: two early transgressive phases formed by sandy muds at 110-150 cm and 65-110 cm (~8000-10,000 years ago); a late transgressive phase formed by muddy sands (~6000-8000 years ago; 35-65 cm); two intervals within a shell bed (dominated by large epifaunal bivalves) that captures the transitional maximum-flooding phase (16-35 cm) and early highstand phase (8-16 cm), and the topmost 8 cm-thick sands that represent the 20th century sediments mixed with late highstand shells up to 2000 years old. Paleoecological changes in the composition of foraminiferal and molluscan assemblages at Panzano were analyzed by Vidović et al. (2016) and Gallmetzer et al. (2017) , respectively, and paleoecological changes in the composition of molluscan assemblages at Piran were analyzed by Mautner et al. (2018) and Tomašových et al. (2018b) .
Analyses
We measured the length and height of all complete right and left valves and also of incomplete valves where at least one of the two dimensions could be measured, using a Mutitoyo digital slide caliper mounted on a binocular (Leica MZ6) lens table. Shells of C. gibba are markedly inequivalve, with right valves being more convex and larger. Therefore, to determine the length of right valve in specimens with incomplete valves or with left valves only, we used three reduced major axis regressions to predict lengths of right valves and to construct sizefrequency distributions (Fig. 4) . First, we calibrated left valve length (length lv ) on the basis of left valve height (height lv ) as = + × log(length ) 0.204 1.06 log(height ). 
Using all valves in analyses of size structure assumes that most sampled valves are unique (are not derived from the same individuals) whereas using just right valves assumes that some right and left valves would come from the same individuals (Gilinsky and Bennington, 1994) . However, temporal and spatial gradients in size observed here do not differ when using right valves only or both left and right valves.
In analyses of temporal and spatial changes in size structure of C. gibba death assemblages, we focus on changes in median and maximum size. However, maximum size strongly varies with sample size (Kosnik et al., 2006) . Therefore, to capture changes in the upper bound of size distributions and to reduce sample-size dependency of maximum size, we measure the 95th percentile that becomes sample-size independent at 50-100 individuals in size distributions analyzed here (Fig. 5) .
We analyze changes in size structure of C. gibba at four stratigraphic scales. First, we assess up-core trends in median size based on 2-5 cmthick increments in boxplots (Fig. 6) . Second, we analyze differences in the shape of distributions, in median size, and in the 95th percentile size between seven major intervals at Panzano that correspond to subcentennial-to-centennial bins (17th century, early and late 18th century, early and late 19th century, and early and late 20th century, Fig. 7) , and between six major phases at Piran that correspond to millennial bins (the lower and upper parts of the early transgressive sandy muds, late transgressive muddy sands, a shell bed formed by two units, and the upper 8 cm, Fig. 8 ). Third, we pool increments into 10 cm-thick intervals and explore temporal and spatial differences in size structure of C. gibba with principal coordinate analyses. These analyses are based on Manhattan distances among proportions of 0.5 mm-size classes in size-frequency distributions observed in 10 cm-thick increments (Fig. 9) .
To disentangle the role of spatial gradients (between the southern and northern location) from temporal changes in size structure, we perform four one-way tests and one two-way test with non-parametric permutational multivariate analysis of variance (PERMANOVA; Anderson and Walsh, 2013) . In these analyses, two sediment cores from each location are pooled. The four one-way tests include (1) temporal Fig. 7 . Temporal trends in size-frequency distributions in seven stratigraphic increments at two stations in the Bay of Panzano show that the increase in size in the northern Gulf of Trieste in the 20th century was unprecedented relative to distributions over the course of the past several centuries. The solid vertical line represents the median size and the dashed vertical line corresponds to the 95th percentile size. differences in the shape of size-frequency distributions prior to the 20th century (between transgressive and highstand phases at Piran and among the 17th, 18th, and 19th centuries at Panzano), (2) temporal differences prior and during the major 20th century eutrophication phase at Piran and Panzano, and (3) spatial differences between the northern and the southern location prior to the 20th century, and (4) during the 20th century. The two-way analysis partitions the effects of space and time for the whole Gulf of Trieste. Fourth, we compare size structure, median size, and the 95th percentile size between increments deposited during the highstand phase prior to the 20th century (including the transitional maximum-flooding phase) and during the 20th century eutrophication phase, separately for the northern and southern Gulf of Trieste (Figs. 10-11) .
Finally, to assess the effects of organic enrichment and predation pressure on the changes in the 95th size percentile, we compare the concentrations of total organic carbon (TOC) and total nitrogen (TN) and the frequencies of drilling (DF, proportion of completely drilled valves relative to the half of the total number of all valves, Kowalewski, 2002) and fragmentation (FF, proportion of incomplete valves relative to all valves) between increments deposited prior to and during the 20th century. Fragments were defined as specimens with less thañ 90% of valves preserved. Fragmentation frequency represents a general measure of valve damage that can be related to durophagous predation and postmortem alteration (Zuschin et al., 2003; Leighton et al., 2016) . Therefore, although this index is also a function of postmortem processes unrelated to predation, it can reflect changes in durophagous predation to some degree. All statistical analyses were performed in R 3.2.1 (R Core Team, 2014) using the vegan package (Oksanen et al., 2017) .
Results
Stratigraphic trends in size in the northern Gulf of Trieste
Along the core, median size fluctuates between 2 and 3.5 mm in all increments (Fig. 6) . Size-frequency distributions of seven increments (17th, early 18th, late 18th, early 19th, late 19th, early 20th and late 20th centuries) show a relatively high constancy in the shape of rightskewed distributions dominated by small-sized individuals (< 4 mm), and with a mode located consistently at 2-3.5 mm size classes (Fig. 7 , Table 1 ). The 95th percentile is smaller than 10 mm between 25 and 155 cm, i.e., in increments that were deposited prior to the 20th century. However, the 95th percentile increases dramatically to 11-12 mm at both stations in the upper 25 cm, i.e., in increments that were deposited during the 20th century, with largest shells exceeding 12 mm in length. In contrast to unimodal and right-skewed distributions in increments that were deposited prior to the late 20th century, the increments corresponding to the late 20th century show bimodal distributions in M28 and M29, with a first mode between 2 and 3 mm and a second mode at~10 mm. Size distributions thus change not only in terms of an increase in maximum shell size, but also in terms of an increase in the proportion of shells > 5 mm (Figs. 6-7) . Multivariate analyses indicate no significant differences in size structure among the 17th, 18th and 19th centuries (Table 2 ). In contrast, multivariate analyses show a major segregation and significant differences in size structure between the 20th century and the highstand phase prior to the 20th century (Fig. 9) . Therefore, C. gibba shows an unprecedented shift in the shape of size distributions and an increase in shell size in the northern Gulf of Trieste in the 20th century.
Stratigraphic trends in size in the southern Gulf of Trieste
Similarly as in the northern part, size-frequency distributions are right-skewed and dominated by juveniles throughout the cores (Fig. 8) , with a relatively constant modal size class (between 2.5 and 4 mm) and median size (3-3.5 mm). The stratigraphic variation in size is characterized by two moderate shifts in the 95th size percentile: (1) within the transgressive phase and (2) between the shell bed and the uppermost 8 cm at M1 (Fig. 6) . First, the lowermost increments deposited during the early transgressive phase (65-150 cm) are characterized by a higher 95th percentile (7-9.4 mm) than distributions in the late transgressive and highstand increments (< 7 mm), although this difference is mainly visible in the core M53. This difference is insignificant in multivariate analyses (Table 2) . Second, although median size does not increase in the uppermost increments, a sudden increase in the 95th percentile occurs in the uppermost 10 cm in the core M1 (Figs. 6-7) . Here, the 95th percentile increases from 6 to 7 mm in increments deposited during the maximum-flooding phase (lower parts of the shell bed) to 8.5 mm at 8-18 cm (upper parts of the shell bed), and to 11.3 mm at 0-8 cm. This shift is not visible in M53, although the 95th percentile increases mildly in the uppermost parts (Fig. 8) . However, multivariate analyses indicate that the shift in size structure between the highstand phase and the topmost core increments at the southern stations is significantly high (Fig. 9, Table 2 ). Fig. 9 . Principal coordinate analyses of size-frequency distributions showing a significant difference between the pre-20th century and the 20th century in the northern Gulf of Trieste. Contour lines represent the proportion of cohorts larger than 6 mm. Sample labels refer to sediment depth (cm). Arrows connect samples in a stratigraphic succession.
Spatial differences in size distributions prior to and during the 20th century
During the highstand phase, distributions are right-skewed and unimodal, shells larger than 10 mm are rare and shells larger than 12 mm are almost absent at both locations. However, size distributions still differ between the northern and the southern location in terms of the proportion of largest cohorts, with a larger 95th percentile size at the northern location. Multivariate analysis shows that southern and northern distributions differ significantly during the highstand phase, although the size differences and F values are much smaller relative to temporal differences (Table 2) . During the 20th century, shells larger than 6 mm are less frequent at the southern location and shells larger than 12 mm are almost absent, generating a gradient from bimodal distributions in the northern to right-skewed distributions in the southern Gulf of Trieste (Figs. 7-8) .
Relation between size and environmental changes
Sediment grain size remains constant up-core in the northern Gulf of Trieste, with equal proportions of clay and silt and a negligible proportion of sand. In contrast, the proportion of sand and shell gravel Fig. 10 . The shape of size-frequency distributions changed significantly in the 20th century in the Bay of Panzano (northern Gulf of Trieste). The differences are less dramatic in the Piran cores (southern Gulf of Trieste), which are affected by strong time averaging. The solid vertical line represents the median size and the dashed vertical line corresponds to the 95th percentile size. Fig. 11 . Spatial and temporal gradients in size of C. gibba in the Gulf of Trieste show that median size is rather invariant in time and space whereas maximum size, measured by 95th percentiles, increases at the transition to the 20th century from 8.6 to 11.5 mm in the northern gulf and from 6.6 to 8.8 mm in the southern gulf. On the basis of raw stratigraphic data (A), the 95th percentile increases northward by~2 mm prior to (from 6.6 to 8.6 mm) and during the 20th century (8.8 to 11.5 mm). On the basis of sizes of age-dated shells (B), this increase is~1 mm only during the 20th century, indicating that the northward cline in size was reduced in the 20th century. A: Median and 95th percentiles of sizefrequency distributions of all shells found in stratigraphic increments. B: Median and 95th percentiles of size-frequency distributions of dated shells only, split into a group that died after 1900 CE and a group that died between 1900 and 1000 CE. In this case, sample sizes are small but the comparison is not affected by stratigraphic mixing.
gradually increases up-core at both stations in the southern Gulf of Trieste. Both TOC (from 0.2% to 1.6%) and TN (from 0.02% to 0.14%) increase monotonically up-core at the northern location. At Piran, TOC is slightly higher in transgressive (TOC = 0.8-0.9%) than in highstand increments (TOC = 0.7-0.8%), while TN concentrations remain constant (TN = 0.04-0.05%). However, TOC and TN again increase in the upper 8 cm at Piran 1 (TOC = 0.9-1%, TN = 0.09%) and TN in the upper 8 cm at Piran 2 (TN = 0.06%). The 95th size percentile increases in parallel with the increase in TOC and TN at both stations in the northern location (Fig. 12) . This increase is also exhibited by trend in the 75th size percentile (Fig. 12) . Drilling frequency (DF) is rather similar between the northern (median DF at M28 and M29 = 24% and 37%) and the southern stations (median DF at M1 and M53 = 27% and 24%). Fragmentation frequency (FF) is smaller in the northern (median FF at M28 and M29 = 8% and 12%) than in the southern stations (median FF at M1 and M53 = 22% and 26%). In contrast to trends in organic enrichment, both drilling and fragmentation frequencies do not show any major stratigraphic trends at both locations (Fig. 13) and no significant changes in increments deposited prior to and during the 20th century (Fig. 14) . The significant increase in the 95th percentile size is thus associated with the significant increase in the concentrations of TOC and TN in the 20th century in the northern Gulf of Trieste and with the significant increase in the concentration of TN in the southern Gulf of Trieste (Fig. 14) .
Discussion
Mixing effects and short-term variability of size-frequency distributions
The effects of time averaging due to stratigraphic mixing make it challenging to distinguish the effects of the 20th century stressors due to the bioturbation and condensation of sediments in the northeastern Adriatic Sea (Tomašových et al., , 2018a . However, the analysis restricted to directly dated shells shows a similar increase in size as do analyses based on all shells in stratigraphic increments (Fig. 11B) . Therefore, a size increase of C. gibba that occurred during the 20th century is unprecedented relative to size changes that occurred during the highstand phase (Fig. 11) . Raw stratigraphic data indicate that the spatial differences in the 95th size percentile between the northern and the southern location by~2 mm persisted into the 20th century. However, the apparent dominance of right-skewed distributions and the lack of bimodal distributions in the topmost increments in the southern location at Piran is probably related to taphonomic inertia of death assemblages (Kidwell, 2008) due to stratigraphic mixing and their low, millennial-scale temporal resolution (Tomašových et al., 2018b) . High inertia can be expected to lead to the dominance of smaller size cohorts typical of late highstand conditions. Size data based on dated shells indicate that the 95th size percentile of shells from the 20th century in the southern location is biased downward (Fig. 11A ) relative to the estimate based on dated shells only (Fig. 11B) . Therefore, the increased abundance of larger shells during the 20th century in the southern location is swamped by shells that lived over the past 1000-2000 years. Similarly, the lack of a relation between organic enrichment and size of C. gibba at Piran is probably affected by stratigraphic mixing of shells that lived before and during the 20th century (Fig. 12) .
The size structure of living populations of C. gibba in the northeastern Adriatic Sea shifts in time at monthly and yearly scales (HrsBrenko, 1981 (HrsBrenko, , 2003 . Spring peaks in abundance of C. gibba in the Gulf of Cadiz are generated by juveniles that disappear quickly from living populations due to high juvenile mortality (Rueda et al., 2001) . Size distributions of living assemblages of C. gibba thus vary as a function of the timing and duration of recruitment pulses and typically lack the dominance of juvenile individuals unless sampling occurs during a recruitment pulse (Rueda and Salas, 2003) . However, although size distributions of death assemblages average out seasonal, yearly or even decadal variations in recruitment, abundant juveniles produced during these phases and suffering from heavy mortality will contribute to death assemblages. Under low sedimentation rates and high time averaging as documented in the southern location, abundant juveniles in death assemblages can then swamp any fluctuations in abundance of large-sized individuals. In spite of size selectivity of taphonomic processes and biases against small-sized individuals (Tomašových, 2004) , juveniles of C. gibba probably persist in death assemblages in the Gulf of Trieste for a long time and define their right-skewed nature.
Drivers of spatial differences in size increase
A major difference in size of C. gibba can be detected between the northern Adriatic Sea and the Eastern Mediterranean. In the more oligotrophic Eastern Mediterranean, Corbula gibba has smaller maximum sizes (maximum length is smaller than 9 mm, Comay et al., 2015) than in the Northern Adriatic (maximum length exceeding 12 mm, Aleffi and Table 1 Median size and 95th percentile of size of Corbula gibba in sediments deposited prior to the 20th century and during the 20th century. Median (mm) 95th percentile (mm)
Northern Gulf of Trieste Panzano -two cores pooled -pre-20th c. 3.1 (3-3.1) 8.6 (8.3-9) Panzano -two cores pooled -20th c. 4 (3.8-4.3) 11.5 (11.3-11.9 ) Panzano core M28 -pre-20th c.
3 (3-3.1) 8.6 (7.9-9) Panzano core M28 -20th c.
3.8 (3.6-4) 11.7 (11-12.1) Panzano core M29 -pre-20th c.
3.1 (3.1-3.2) 8.5 (7.8-9.2) Panzano core M29 -20th c.
4.5 (4.1-5.5) 11.4 (11.3-11.6) Southern Gulf of Trieste Piran -two cores pooled -pre-20th c. 3.2 (3.1-3.2) 6.6 (6.3-6.7) Piran -two cores pooled -20th c.
3.2 (3.1-3.3) 8.8 (8.2-9.4) Piran core M1 -pre-20th c.
3.2 (3.1-3.3) 6.7 (6.4-7) Piran core M1 -20th c.
3.2 (3-3.3) 10.7 (9.3-11.3) Piran core M53 -pre-20th c.
3.2 (3.1-3.2) 6.4 (6-6.7) Piran core M53 -20th c.
3.2 (3.1-3.3) 7.1 (6.5-7.7)
Note: 95% bootstrapped confidence intervals are in parentheses. Note: The differences in the shape of size-frequency distributions between increments deposited prior and during the 20th century are significantly high (based on Manhattan distances). The differences between the transgressive and highstand phases are small and insignificant. Bettoso, 2000; Hrs-Brenko, 1981 , 2003 . Although this large-scale size gradient also coincides with an eastward temperature increase, the Gulf of Trieste itself does not show any temperature gradient. Therefore, the southward decline in size observed between the northern and southern Gulf of Trieste in our study both prior to and during the 20th century rather reflects a decline in productivity driven by land-borne nutrients from the Isonzo River (Malej et al., 1995) . The primary productivity thus seems to play an important role in determining size variability of C. gibba in the northern Adriatic Sea, similarly as observed in other bivalves that grow to larger size and at higher growth rate in nutrientrich environments (Craig, 1994; Carmichael et al., 2004 Carmichael et al., , 2012 Beukema et al., 2014) . Gradients in sediment disturbance (e.g., Donázar-Aramendía et al., 2018) can be excluded as a driving factor because there is no clear increase in the frequency or intensity of bottom trawling towards the northern Gulf (Solis-Weiss et al., 2004) .
Drivers of temporal differences in size increase
The increase in maximum size and a change in the shape of size distributions towards a higher proportion of individuals > 5 mm imply that the mortality rate of small-sized individuals and juveniles declined and/or growth rate of C. gibba increased during the 20th century. The detected size increase coincides with an increase in the frequency of hypoxia events in the Gulf of Trieste in the 20th century (Justić, 1988 (Justić, , 1991 . In contrast to the natural southward decline in primary productivity within the Gulf of Trieste, hypoxia events affected most of the gulf (Faganeli et al., 1985; Stachowitsch, 1991; Giani et al., 2015) , although the frequency of hypoxia is probably also smaller in the southernmost parts close to Piran than in the central and northern parts. Extant benthic species inhabiting seasonally hypoxic settings are typically characterized by small body size, rapid growth rates, annual lifespan, and shallow-sediment dwelling zones (Levin et al., 2009 ). Pearson and Rosenberg (1978) and Weston (1990) suggested that body size of marine benthic invertebrates is expected to decline under increasing organic enrichment of sediment coupled with oxygen depletion. However, they also predicted an intermediate mode in biomass production at conditions characterized by organic enrichment but not affected by severe or persistent oxygen depletion, especially for species tolerant to hypoxia (Edelman-Furstenberg and Kidwell, 2015) . Under eutrophication, responses of molluscs in terms of their abundance, growth rate, or size thus ultimately depend on the balance between the enhanced food supply, habitat degradation due to hypoxia, and their tolerance to hypoxia (Carmichael et al., 2012) .
The size increase of the hypoxia-tolerant C. gibba observed in our study can reflect an increased abundance of benthic food sources such as diatoms that occur in the wake of mass mortality-inducing hypoxia events, especially if the duration of these events is short (i.e., a few days, Stachowitsch, 1984; Faganeli et al., 1985) . It can also indirectly reflect a release from predatory and competitive pressure when hypoxia-sensitive predators or competitors undergo mass mortality. The lack of relations between drilling and fragmentation frequency on one hand and size on the other hand probably indicates that the prey release does not play a large role. The temporal increase in maximum size in C. gibba in the northern Gulf of Trieste, coinciding with increasing concentrations of TOC and TN (Figs. 12, 14) , indicates that the size increase of this species might directly or indirectly be related to higher organic enrichment in the 20th century. The weak relation between the signatures of TOC and TN and size of C. gibba in the southern Gulf of Trieste is most likely generated by nutrient recycling and stratigraphic mixing, leading to lower preservability of TOC and TN in historical layers. Under turbid conditions, C. gibba is highly efficient in separating particulate organic matter such as benthic diatoms from sediment particles (Kiørboe and Møhlenberg, 1981) , and analyses of stable isotopic composition indicate that C. gibba can shift to benthic sources of organic matter in the Adriatic Sea (Bongiorni et al., 2016 (Bongiorni et al., , 2018 . Abundances of benthic diatoms exploded after an anoxic event in 1991 in the Gulf of Trieste (Welker and Nichetto, 1996) , and at the same time, C. gibba increased in abundance (Hrs-Brenko, 2003) . Bivalves utilizing benthic diatoms from the sediment surface can significantly benefit from such events (Kanaya et al., 2005) . To conclude, the size increase of C. gibba during the 20th century contrasts with the declines in body size of macrobenthic species expected under organic enrichment and oxygen depletion (Pearson and Rosenberg, 1978; Weston, 1990; Gray et al., 2002) . Our findings rather indicate that this species benefits from organic enrichment at intermediate hypoxia, as also suggested by Borja et al. (2000) . To establish the net effects of eutrophication and hypoxia in the northern Adriatic Sea on size structure of molluscan communities, a larger variety of species differing in feeding habits, assimilation efficiency, and tolerance to hypoxia will be needed.
Conclusions
Death assemblages from four cores from the northern Adriatic Sea spanning the past centuries to few millennia show that size distributions of C. gibba remained relatively constant during the late highstand phase prior to the 20th century. The northward increase in primary productivity is probably responsible for a natural geographic increase in the 95th size percentile of C. gibba from 6.6 to 8.6 mm during the highstand phase. Size distributions are right-skewed, with a dominance of juveniles and with the 95th size percentile below 9 mm at both northern and southern locations. However, populations of C. gibba inhabiting the Gulf of Trieste during the 20th century have significantly larger sizes, with the 95th size percentile ranging between 10 and 12 mm. Stations in the northern Gulf of Trieste show a major increase in size and a shift from unimodal to bimodal size distribution towards the 20th century. Stations in the southern Gulf of Trieste show smaller differences but still a significant increase in the 95th percentile size (9 mm) towards the topmost core increments. The 20th century size increase correlates with an increase in total nitrogen and total organic carbon in the sediment cores and does not correlate with frequency of drilling or fragmentation. This species probably benefits from organic enrichment, either driven directly from enlarged planktonic or benthic algal production, and/or, indirectly from released competitive pressure under intermediate hypoxia not only in terms of abundance but also in terms of body size.
Fig. 14. The 95th size percentile of Corbula gibba averaged across 2 cm (upper 20 cm) and 5 cm-thick increments, from sediments deposited prior to the 20th century and during the 20th century in the northern (Panzano) and southern (Piran) Gulf of Trieste, with 95% bootstrapped confidence intervals. Total organic carbon and total nitrogen are significantly higher in the 20th century sediments at Panzano, whereas there are no significant differences between these intervals in terms of the drilling or fragmentation frequency.
